Streptococcus pneumoniae is a pathogen that normally occupies the nasopharynx of healthy children but also causes otitis media and invasive syndromes such as meningitis, pneumonia, and sepsis. 1 Invasive pneumococcal disease (IPD) causes 1 million deaths per year worldwide 2, 3 ; in the United States before the conjugate vaccine era, pneumococcal disease was estimated to cause 3000 cases of meningitis, 50 000 cases of bacteremia, and 500 000 cases of pneumonia annually, with bacteremia and meningitis occurring primarily in young children. 4 The introduction of the 7-valent pneumococcal conjugatevaccine (PCV7) led to a substantial decrease in IPD overall and specifically vaccine serotype (VT) disease; however, nonvaccine serotypes (NVTs) subsequently increased. 5 In addition, the population at risk changed in the post-PCV7 era, with IPD affecting a greater proportion of children with comorbidity and chronic illness. 6 One of the primary goals of introducing the broader spectrum 13-valent pneumococcal conjugate vaccine (PCV13) in February 2010 was to provide protection against the clinically relevant non-PCV7 serotypes, specifically 19A, 7F, and 6A, which caused a substantial burden of disease in the PCV7 era. We hypothesized that if the remaining non-PCV13 serotypes are intrinsically less virulent, IPD in the PCV13 era will be less severe.
The objective of the study was to describe the clinical features and outcomes of IPD in children #5 years of age in Massachusetts and to examine the epidemiology of IPD and differences in the clinical profile and severity of IPD before and after the introduction of PCV13.
METHODS
This study was designed as a populationbased observational study based on Massachusetts' public health surveillance data on IPD in 2 periods: the pre-PCV13 era, from September 2007 to August 2009, and the post-PCV13 era, from September 2010 to August 2012. Cases were compared across age groups (,2 months, 2-23 months, and 2-5 years). A case of childhood IPD was defined by a positive culture for S. pneumoniae from normally sterile body fluid, from a Massachusetts resident #5 years of age. The outcomes compared were characteristics of IPD, including patient characteristics, clinical features, microbiologic features, comorbidities and other risk factors, and environmental factors.
In 2010, Massachusetts had a population of6.6 million, of whom 1.4 million,or22%, are children #18 years old. 7 The percentage of children ,5 years of age was 5.6%. 8 The study population included all cases of IPD in children #5 years old who had an IPD diagnosis in Massachusetts.
Full-scale distribution of PCV7 according to guidelines began in July 2000 in Massachusetts, whereall recommended childhood vaccines are purchased and distributed by the Massachusetts Department of Public Health (MDPH) to both public and private health care providers. Immunization uptake of $3 of PCV7 among children aged 19 to 35 months in Massachusetts in 2011 was 98%. 9 In February 2010, PCV13 was approved for use in all children aged 6 weeks to 60 months, and up to 71 months of age in those with comorbidity, and replaced PCV7. All doses of PCV13 for both routine administration and supplemental doses are supplied universally by MDPH. 
Statistical Methods
Patient characteristics were compared by using the Fisher' s exact test for categorical variables and the Wilcoxon or Kruskal-Wallis test for continuous variables. In analyzing length of hospitalization, we used the Wilcoxon test by ranking children who were not hospitalized as though they had the shortest stays and those who died during hospitalization as though they had the longest stays. We investigated the effect of VT on disease severity using logistic regression models, adjusting for gender, age group, and comorbidity as potential confounders. All data management was performed with Microsoft Excel 2011 version 14.3.6 (Microsoft Corporation, Redmond, WA), and statistical analyses were performed with SAS version 9.3 (SAS Institute, Inc, Cary, NC). The significant level for all tests was set at 5%. P values were not adjusted, but because numerous P values were calculated, all results were conservatively interpreted.
This study was approved by the institutional review boards of the University of Minnesota and the MDPH.
RESULTS

Demographics and Patient Characteristics
There were 168 cases of IPD from 2007 to 2009 and 85 cases of IPD from 2010 to 2012 in Massachusetts children #5 years of age (Table 1) . This was equivalent to incidence rates of 46 per 100 000 pre-PCV13 and 23 per 100 000 post-PCV13, with an estimated change in IPD rate being 23 per 100 000 (95% confidence interval, 14-31; P , .00001). In terms of absolute numbers, children 2 to 23 months of age formed the largest group with IPD in both pre-and post-PCV13 phases, comprising 53.0% and 56.5% of patients, respectively (Table 2) . Caucasians were the predominant race, making up 47.0% of cases in the pre-PCV13 and 41.2% in the post-PCV13 phase (Table 1 ). In the pre-PCV13 phase, 59.5% were up to date on their PCV immunization, compared with 58.8% in the post-PCV13 phase. Comparing VT and NVT, 56.9% of patients with VT-IPD were up to date with their PCV immunization, compared with 67.8% of patients who had NVT-IPD, although this difference was not statistically significant (P = .145; Table 3 ).
Clinical Features
The most common site of isolation of IPD was in the blood, 94.6% in the pre-PCV13 phase and 91.8% in the post-PCV13 phase. Although many different types of clinical infection were seen, and some patients had multiple types of infection (eg, clinical diagnoses of meningitis, otitis media, or cellulitis), there was no significant difference in the frequency of post-PCV13 compared with pre-PCV13 clinical diagnoses (data not shown). Fever was the most common symptom, 29.2% in the pre-PCV13 phase and 40% in the post-PCV13 phase, but this difference was not statistically significant (P = .09).
Microbiologic Features
The most common serotypes in the pre-PCV13 era were 19A (39.9%) and 7F (9.5%). PCV13 serotypes made up 51% of cases of IPD in the pre-PCV13 era and decreased to 33% in the first 2 years after PCV13. The estimated change in PCV13 serotypes was 17.7% (95% confidence interval, 4.2-31%; P = .0113). The most common serotype in the post-PCV13 era remained 19A (20%), although it decreased significantly (P , .001), followed by 7F (9.4%, P = .0823).
In analyzing antimicrobial susceptibility, we analyzed the isolates by using current Clinical and Laboratory Standards Institute breakpoints. Although a larger number of isolates were susceptible to penicillin, ceftriaxone, erythromycin, clindamycin, tetracycline, moxifloxacin, and trimethoprim-sulfamethoxazole in the post-PCV13 phase, the only statistically significant increase was in tetracycline (P = .028), although the increase in penicillin susceptibility also approached significance (P = .054; Fig 1) . A larger proportion of NVTs were susceptible to all the antimicrobial agents tested; only penicillin, ceftriaxone, erythromycin, and trimethoprim-sulfamethoxazole had significant P values (P = .001, .002, .021, and .047, respectively; Fig 2) .
Comorbidities
The most prevalent comorbidities listed were chronic lung disease, malignancy or immunosuppressive therapy, asthma, and sickle cell disease or asplenia (data not shown). In the pre-PCV13 phase, 19.6% of patients had comorbidity, compared with 23.5% in the post-PCV13 phase (P = .510); conversely, 17.2% of all patients with VT-IPD had a comorbidity, compared with 27.6% of patients with NVT-IPD (P = .085).
Outcomes
In the pre-PCV13 phase, 50.6% were hospitalized, compared with 57.6% in the post-PCV13 phase, and median length of hospital stay increased from 3 days to 4, although neither of the 2 variables was significantly different across the 2 phases (P = .333 and .210, respectively). Logistic regression revealed no significant association between vaccine phase and hospitalization when age and gender were controlled for (P = .241). We found that 80.4% of children with comorbidities were hospitalized, compared with 50% of children without comorbidities (P , .0001). After discharge, 4.2% in the pre-PCV13 phase and 2.4% in the post-PCV13 phase were readmitted (P = .722). Mortality for all children pre-PCV13 was 3.6% and post-PCV13 was 3.5% (P = 1.000). For children with comorbidities, data were underpowered to test the difference in mortality rates between the 2 phases.
Whenwecomparedhospitalizationbased on vaccine type from both time periods, 56.9% of patients with VT-IPD were hospitalized, compared with 54.0% of patients with NVT-IPD (P = .769; Table 3 ). When we controlled for age and gender, there was again no significant relationship between VT and hospitalization (P = .651), nor for VT and number of days hospitalized (P = .823). Children with comorbidities were hospitalized a median of 3 days and a range of 0 to 42 days, whereas children without comorbidities were hospitalized a median of 0.5 days and a range of 0 to 22 days (P = .0001). Readmission was 5.2% in the VT-IPD group and 1.1% in the NVT-IPD group (P = .243). Based on vaccine type, mortality was 4.3% of patients with VT-IPD and 3.4% in those with NVT-IPD (P = 1.000). Adjusting for comorbidity status, VT was not significantly associated with readmission, hospitalization, or mortality rates (P = .502, .140, and .241, respectively).
DISCUSSION
Before the introduction of PCV7, S. pneumoniae caused ∼65 000 deaths in the United States, with highest rates in young children and older adults. 4 ,10 The 7 pneumococcal serotypes chosen for the first conjugate vaccine accounted for .80% of invasive pneumococcal infections in children in the United States 11 and also targeted the serotypes with the highest antimicrobial resistance rates. 12 After licensure of PCV7 in 2000, rates of IPD fell from an average of 24.3 cases per 100 000 persons in 1998 and 1999 to 17.3 per 100 000 in 2001. 13 There was a 76% decrease in IPD among children ,5 years old, with the largest decline seen in children ,2 years of age. 13, 14 However, IPD caused by non-PCV7 serotypes increased 140%. 15 The most common non-PCV7 replacement serotype was serotype 19A, which increased 324% in children ,5 years old, 16 accounting for 28% of isolates among Alaskan Native children 15 and 46% of non-PCV7 serotypes across 8 children' s hospitals nationwide. 17 In addition, there has been a shift in the spectrum of disease caused by non-PCV7 serotypes. Before PCV7, serotype 19A was a common colonizer in the nasopharynx 18 and the ninth most common cause of IPD in young children. 17, 19 After PCV7 was introduced, pneumococcal nasopharyngeal colonization from serotype 19A increased as children received more doses of PCV7, as did cases of otitis media caused by multidrugresistant strains of serotype 19A. 21 A 500% increase in cases of acute mastoiditis was attributed to serotype 19A. 21 These cases were more likely to present with subperiosteal abscess and more likely to necessitate intraoperative mastoidectomy. 21 Pneumococcal bacteremia caused by a vaccine-related serotype, part of the same serogroup but not same serotype in the vaccine, increased from 6% to 35% after PCV7 was introduced, with serotype 19A showing the greatest increase. 22 The adaptation of pneumococci to the selective pressure of vaccination may result in a different clinical spectrum of disease.
The profile of children with IPD has also changed in the PCV7 era, where the mean age is higher than before, and the majority of these children are healthy, with no recognized risk factors. 19, 23 However, the percentage of children with IPD and an underlying comorbid condition increased from an average of 30% pre-PCV7 to .40%. 17 In Massachusetts, a review of IPD cases over a 6-year period revealed that 16% of IPD cases occurred in children with comorbidities, with a 30% increase per year of life in the relative risk of having a high-risk condition in this population. 6 In our study, the absolute numbers of pediatric patients with IPD decreased by 49%, but the proportion of patients with comorbidity increased by 17%, although these changes were not considered statistically significant. In addition, among patients with comorbidities who had IPD, a higher proportion of cases were caused by NVT isolates. This finding is similar to that of a study in England and Wales that showed NVT to be a more prevalent cause of IPD in children with chronic diseases and to be associated with greater mortality. 24 The reason for this finding remains unknown, because
FIGURE 1
Antimicrobial susceptibility in pre-PCV13 and post-PCV13 periods.
NVT isolates are not considered to be as invasive or as prevalent as VT-IPD. 25 Given that part of the aim in formulating PCV7 was to include serotypes associated with antimicrobial resistance, one would expect a decrease in antimicrobial resistance in pneumococcal isolates in the post-PCV era. We found a decrease in antimicrobial resistance among pneumococcal isolates, a result similar to those of other studies showing that antibiotic resistance among all isolates had decreased significantly overall. 26 However, we found that NVT isolates were overall more susceptible than VT isolates, which is not consistent with the greater antimicrobial resistance noted among NVT isolates in a nationwide study involving 38 states in the post-PCV7 era. 26, 27 Serotype replacement in the nasopharynx since the introduction of PCV7 has led to disease caused by NVT isolates, 28 whose associated features and morbidity have been less well described. 29, 30 However, taking hospitalization, length of hospitalization, readmission, and mortality as correlates of severity of disease, we were unable to show statistically significant differences in severity caused by serotype, although a trend toward lesser severity in NVT-IPD is visible.
This study is limited in that there were numerous missing data points, thereby making statistical analyses difficult. Because this study was restricted to a limited dataset, we were unable to examine additional variables; therefore, the quality of data depended on how completely and meticulously the health care workers filled out the case report form. In addition, the study phase was initiated within 6 months of introduction of PCV13 into the community, making it difficult to identify trends in such a short time span. We have not accounted for differences in clinical management or potential improvements in health care during this period, which could potentially confound the results.
CONCLUSIONS
We present population-based data that show a statistically significant decrease in rates of IPD and of IPD caused by vaccinerelatedserotypessincetheintroductionof PCV13. The data support a reduction in overall morbidity for invasive pneumococcal disease, with a trend toward children with underlying illness, and show that those with comorbid conditions have greater morbidity. Children with comorbiditieswere morelikelyto behospitalized and to have longer hospital stays. Continued surveillance will reveal whether the trend toward less severe disease is sustained and whether morbidity is greater in patients with an underlying condition. Routine vaccination with PCV13 may not be sufficient to reduce the risk of invasive disease in patients with comorbidity, and administering 23-valent pneumococcal polysaccharide vaccine to all children with comorbidity at the earliest acceptable age should be considered. As health care continues to improve outcomes for children with chronic and comorbid conditions, preventive strategies targeting these at-risk populations must be considered.
